ABSTRACT: Hybrid organic−inorganic perovskites containing Cs are a promising new material for light-absorbing and light-emitting optoelectronics. However, the impact of environmental conditions on their optical properties is not fully understood. Here, we elucidate and quantify the influence of distinct humidity levels on the charge carrier recombination in Cs x FA 1−x Pb(I y Br 1−y ) 3 perovskites. Using in situ environmental photoluminescence (PL), we temporally and spectrally resolve light emission within a loop of critical relative humidity (rH) levels. Our measurements show that exposure up to 35% rH increases the PL emission for all Cs (10−17%) and Br (17− 38%) concentrations investigated here. Spectrally, samples with larger Br concentrations exhibit PL redshift at higher humidity levels, revealing water-driven halide segregation. The compositions considered present hysteresis in their PL intensity upon returning to a low-moisture environment due to partially reversible hydration of the perovskites. Our findings demonstrate that the Cs/Br ratio strongly influences both the spectral stability and extent of light emission hysteresis. We expect our method to become standard when testing the stability of emerging perovskites, including lead-free options, and to be combined with other parameters known for affecting material degradation, e.g., oxygen and temperature. O rganic−inorganic perovskite films exhibit ideal properties for a wide range of optoelectronic devices, such as lightemitting diodes (LEDs) 1−4 and solar cells. 5−7 However, optical and electronic degradation under ambient operating conditions currently limits their implementation into reliable technologies. 8 The hybrid perovskite structure takes the form of ABX 3 , with an organic cation (typically formamidinium (FA) CH(NH 2 ) 2 + or methylammonium (MA) CH 3 NH 3 + ) occupying the A-site, a divalent metal (Pb 2+ ) for the B-site, and the halide anion (I − , Br −
O rganic−inorganic perovskite films exhibit ideal properties for a wide range of optoelectronic devices, such as lightemitting diodes (LEDs) 1−4 and solar cells. 5−7 However, optical and electronic degradation under ambient operating conditions currently limits their implementation into reliable technologies. 8 The hybrid perovskite structure takes the form of ABX 3 , with an organic cation (typically formamidinium (FA) CH(NH 2 ) 2 + or methylammonium (MA) CH 3 NH 3 + ) occupying the A-site, a divalent metal (Pb 2+ ) for the B-site, and the halide anion (I − , Br − , or Cl − ) located at the X-site. Partially replacing the MA or FA cations with small amounts of Cs was recently shown to enhance thermal stability and process parameter tolerances. 9, 10 The inclusion of Cs compresses the lattice and reduces halide and cation mobility, permitting solar cells with over 1000 h of stable power output under specific operation conditions. 11 Additional optimization of both the Cs and halide concentrations within the perovskite compound is critical for further bandgap tunability and will likely yield materials that pass accelerated aging tests 12 and inhibit moisture degradation. Thus far, incorporating 10−17% of Cs bolsters the structural and environmental stability of FAPbI 3 due to an increase in the Goldschmidt tolerance factor. 10, 13 Moreover, tuning the Br concentration from 17 to 38% can potentially provide optimal bandgaps for tandem photovoltaics. 5, 6 Therefore, this work focuses on analyzing the light emission properties and stability of four different perovskite samples, which encompass all combinations of these established Cs and Br concentration values.
Because the perovskite light-absorbing layer is often composed of inhomogeneous grains, assessment of its variation at similar length scale is important for determining the degree of variability within the samples. High spatial resolution microscopy methods are indispensable in determining the underlying mechanisms of perovskite performance transiency from the nano-to the meso-and microscale, 14,15 as revealed by Kelvin probe force microscopy 16−18 and conductive AFM. 19, 20 Another approach based on optical microscopy, entitled microphotoluminescence (micro-PL), has proven essential as it can spatially resolve radiative recombination in perovskite thin films and devices. 21−26 Researchers have used micro-PL on perovskites to quantify detrimental interfacial effects, 21 identify the role of oxygen absorption on carrier lifetime, 22 reveal environmental passivation of sub-bandgap defect states, 23 and show anisotropic diffusion of electronic charge carriers. 24 Yet, despite widespread use of this technique, the relationship between relative humidity (rH), an established degradationdriving parameter, 8, 12, 27, 28 and perovskite luminescence emission has not yet been quantified.
Here we determine the spatial and spectral dependence of light emission upon exposing perovskites to a controlled relative humidity cycle. We investigate four Cs-containing mixed-halide perovskite films with variable chemical composition, selected based on their promising thermal and structural stability. By spatially resolving the PL signal, we find that while moderate levels of humidity (<40% rH) boost the carrier radiative recombination rate, there is a threshold level that then suppresses PL. Our measurements also verify that moistureinduced PL enhancement depends on the halide concentration: samples with larger concentrations of Br have maximum PL emission at 35% rH, while those with lower Br content plateau at 55% rH. Spectral measurements reveal that increasing water vapor pressure content raises the mobility of halide ions in 38% Br films. Finally, we identify the composition (Cs 0.1 FA 0.9 Pb-(I 0.62 Br 0.38 ) 3 ) with the largest emission hysteresis, resulting from partially reversible H 2 O-driven chemical reactions. Our in situ environmental PL technique can be expanded to other perovskite systems and is an excellent tool for thin-film stability diagnostics prior to full device development.
We perform humidity-dependent loops and acquire PL in situ for Cs 0. 1 2 PL images acquired at <5% rH. While the average grain diameter is below the diffraction limit for the objective employed in our measurements, micro-PL is extremely useful as it provides statistics on the variation of the optical response heterogeneity arising from the films.
PL at <5% rH (Figure 1e−h) reveals substantial differences in the spatial features for all compositions investigated here. The optical micrographs obtained under <5% rH and after PL imaging at 55% rH ( Figure S2 ) show detectable morphological changes, with the formation of new structures at 55% rH not seen in the pristine state (i.e., unexposed to ambient environment) that also account for the differences observed in the PL data. There, the global gradients in PL intensity that occur over the entire 20 × 20 μm 2 scan region are due to the procession of moisture-driven chemical reactions that spur halide migration and reduce surface recombination. 22, 29 We contrast global gradients with the local gradients (typically 1−5 μm) that arise from differences in charge carrier recombination processes of groups of perovskite grains. Additionally, given the pixel dwell time of 0.015 s, light soaking effects are negligible. 6, 24 To understand the moisture-induced degradation threshold of different perovskite compositions, we quantify the average value of PL emission as a function of humidity, shown in Figure  2 . The black curves represent the rH level as a function of time (right y-axis), demonstrating our reproducible and reliable control of the moisture level within the environmental chamber, and define the humidity loop. The relationship between local radiative recombination and humidity is determined by detecting the PL response of each sample across a 20 × 20 μm 2 area at stabilized <5%, 15%, 35%, and 55% rH levels. After the exposure to 55% rH, the films are returned to the initial low-humidity level to measure the PL emission again. Clearly, relative humidity conditions up to 35% increase the radiative recombination of the perovskites for all concentrations of Cs and Br. Additionally, the standard deviations of the PL images (error bars in Figure 2) show the sample-independent trend of increasing spatial heterogeneity in the luminescence emission for relative humidity levels up to 35%. When raised to 55% rH, the radiative recombination efficiency of the Br-17% samples (Figure 2a,b) plateaus while that of the Br-38% (Figure 2c,d) decreases, which will be further discussed later. The average PL emission of all four films as a function of both humidity and time is shown in Figure S3 . 
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Letter Further insight into the effect of relative humidity on luminescence emission is gained by examining the timedependent distribution of PL intensities. Histograms, acquired by binning the pixels of the 20 × 20 μm 2 PL images (displayed in Figure 3a−d) , show notable differences in their spatial heterogeneity. Here, the broadness of the histograms is indicative of the overall temporal response. All histograms have the same bin widths and number of bins, allowing for direct comparison of all samples regardless of humidity level and composition. While higher Br concentrations lead to less stability against ambient moisture, the histograms reveal Cs content to be the key parameter controlling the emission stability; the Cs-17% films show a broader distribution of PL intensity upon completing the humidity cycle.
The humidity-dependent spectra (Figure 3e −h) confirms that moisture affects the phase stability of the perovskite films, with 55% rH leading to the most pronounced redshift, which begins to reverse upon exposure to dry air. In the case of the Cs-10%/Br-17% sample (Figure 3e ), the PL peak redshifts only 0.02−0.04 eV. The Cs-17%/Br-17% perovskite shows the highest spectral stability, broadening slightly with increasing moisture exposure while remaining centered at 1.65 eV. By contrast, Br-38% films exhibit substantial redshift at higher relative humidity. When kept below 5% rH, the Cs-17%/Br-38% material displays a PL peak centered at 1.76 eV. As the humidity is raised, the peak redshifts, reaching 1.73 eV at 15% rH; 1.7 eV at 35% rH; and, finally, 1.64 eV at 55% rH. Upon returning to the <5% rH condition, the peak blueshifts back up to 1.7 eV. Similar behavior is observed for the Cs-10%/Br-38% perovskites. These results on Br-38% films imply moistureinduced halide segregation, 30 with domains enriched in either iodide or bromide where the bandgap is lower or higher in energy, respectively. For instance, the Cs-10%/Br-38% spectrum acquired at 35% rH contains an intermediate peak centered at 1.66 eV, indicative of a 30% Br region. We infer that the activation energy for halide migration is lower in the case of Br-38%, permitting a higher degree of halide vacancy mobility.
Our measurements are in agreement with prior reports showing PL peak instability for higher concentrations of Br in MAPb(I x Br 1−x ) 3 . 31 Figure 4 shows the humidity loops of the average PL intensity acquired for each sample (the arrows indicate the procession of the humidity cycle in time). Here, the hysteresis refers to the difference between the states of a sample upon return to the same initial conditions, after being exposed to various settings (in this case rH levels). Thus, the difference between the initial and final low-humidity PL measurements determines the extent of luminescence hysteresis due to dry air and moisture exposure. We establish that the hysteresis is not due to simple material degradation (which can cause a substantial decrease in PL) by performing an equivalent series of PL measurements under dry air without humidity (see Figure S5 ), confirming that the average PL intensity increases monotonically under such conditions. The Cs-10%/Br-17% sample exhibits the largest increase in PL intensity when exposed to 15% rH and a moderate amount of hysteresis. The Cs-17%/Br-17% behaves similarly, though it experiences its most substantial luminesce enhancement at 35% rH. For 38% Br samples, the decrease in emission after completing the cycle is still evident, but the enclosed area broadens at higher humidity because of the intolerance to 55% rH in comparison to the 17% Br films. Interestingly, the Cs-17%/Br-38% sample has negligible hysteresis despite the reduction in PL intensity at 55% rH.
In our measurements, we flow dry air composed of 80% N 2 and 20% O 2 and the absorption of O 2 occurs through diffusion into the perovskite's iodide and bromide vacancies.
32−34 Dry air was chosen over pure N 2 to mimic conventional device processing under ambient conditions, as the current main challenge toward perovskites' commercialization is related to the materials' stability. Further, the PL signal is known for being higher under dry air conditions than under N 2 , 22 which enables us to distinguish small and significant differences between the samples and between the different stages of rH. We expose each 
Letter perovskite thin film to dry air for 8 min prior to PL microscopy and spectroscopy data acquisition and assume complete O 2 uptake, as supported by isothermal gravimetric analysis on MAPbI 3 . 32 The interaction of the excitation laser and the absorbed O 2 leads to superoxide formation, and this passivates surface states that reduce internal PL quantum yield in pristine films. 22 While not the focus of this work, note that carefully controlled durations of full-sample illumination may increase the PL quantum yield further. 22 The exposure of some perovskites to water vapor is known to cause material degradation. 8, 27, 35, 36 In this sense, the relative humidity level, if sufficiently high, controls the speed and therefore the extent of the chemical reactions governing decomposition. When H 2 O is introduced into the system, it begins to intercalate the perovskite structure. At 55% rH, sufficient water exists to form a thin layer of a monohydrate phase (eq 1) at the surface, as previously observed for other perovskite compositions. 27,28,36−40 Once enough water has been absorbed, the dihydrate phase forms and leads to the perovskite decomposition into PbI 2 , PbBr 2 , and Cs x FA 1−x Br y I 1−y , 27, 28, 39 as indicated by eqs 2 and 3. 
We find that exposure to 35% rH does not noticeably degrade the Cs-containing perovskite films but instead improves the luminescence efficiency (i.e., optical properties) of the material, in agreement with prior results on FAPbI 3 . 41 The decomposition of the perovskite layer into precursors initially removes surface defect states not already passivated by O 2 (see Figure S4a−c) . This reduction in trap states leads to higher internal quantum efficiency and longer charge carrier lifetimes, explaining the increase in PL intensity. 42 However, the decomposition chemical reactions occur more pronouncedly at 55% rH, with noticeable degradation and new surface trap states after ∼1 h at this humidity condition ( Figure S4d ). These recently formed surface trap states remain even after the sample is returned to a low-humidity environment ( Figure  S4e ). The histograms of PL intensity in Figure 3a −d reveal the instability in radiative recombination upon reaching 55% rH. Here, an exponentially decreasing "tail" in PL emerges for all compositions. However, only the Cs-17% perovskites sustain this behavior upon returning to <5% rH, possibly indicating that larger Cs content (i.e., more lattice compression), slows the dehydration of the film. X-ray diffraction (XRD) measurements ( Figure S6 ) indicate that these water−perovskite interactions are limited to the surface region of the films for the humidity levels tested here, as the measurements before, during, and after the treatment show no significant variations. Note, however, that for extremely high humidity levels (rH of 80%) the Cs-containing perovskites investigated showed changes in the bulk material, as presented in Figure S7 .
Humidity also influences the mobility of the halide ions, with the strength of the effect depending on their relative concentrations, as previously reported. 29 While moisture initially increases the intensity of luminescence for all samples, the instability of the PL peak is present only for the films incorporating 38%-Br, as revealed by spectrally resolved PL in Figure 3e −h. Light-induced halide segregation, an established phenomenon in MAPb(I x Br 1−x ) 3 , 31 is not observed at <5% rH for any composition considered here, in accordance with previous studies. 5, 6 Additionally, between spectra acquisitions, 8−10 min elapsed with the samples held under dark conditions, sufficient time for the reversal of any photoinduced trap formation. 31 Instead, we find that moisture is the primary driver of halide segregation. This result is supported by the fact that the PL peak in Br-38% films increasingly redshifts into the vicinity of the Br-17% as the relative humidity rises. Other researchers have established that the halide concentration permits bandgap tuning; 43 thus, local segregation would result in spectral heterogeneity and is captured with high-resolution microscopy methods as shown here. Additionally, recent density functional theory calculations indicate that intercalation of H 2 O into the perovskite lattice lowers the vacancy-mediated halide ion migration activation energy, 29 supporting the moisture-driven segregation effect. Partial reversibility of the redshift in Br-38% films can be attributed to a higher activation energy for halide movement once the hydrate phase forms. 29 We conjecture that lower concentrations of Cs yield more reversible halide migration due to a less constrained perovskite lattice.
The hysteresis and humidity loop areas, obtained from Figure 4 , provide insight into the tolerance of the perovskite layers toward humidity cycling. Notably, the enclosed areas suggest that the ratio of Cs and Br concentrations strongly influence the hysteretic behavior of the films. Figure 4 reveals that the area enclosed within the hysteresis loop is smallest for Cs-17%/Br-17%. The area is 2-fold larger for both the Cs-10%/ Br-17% and the Cs-17%/Br-38% samples. Finally, the Cs-10%/ Br-38% perovskite presents the maximum area, which is 4-fold larger than that of the Cs-17%/Br-17% film. We highlight that the largest area occurs at the maximal ratio of Br/Cs concentration. These measurements on Cs-containing perovskites imply that additional compositional tuning could produce high-quality films without emission hysteresis and minimal hysteresis loop areas.
To summarize, we performed humidity loop micro-PL on four different compositions of perovskite films, quantifying the extent of emission enhancement due to moisture exposure. Our measurements reveal that rH levels up to 35% increase the overall PL yield for perovskite layers containing 10−17% Cs and 17−38% Br. Uniquely, samples containing 38% Br exhibited a decrease in luminescence under 55% rH, while those with 17% Br sustain their PL enhancement. For all compositions, exposure to 55% rH changes the spatial distribution of radiative recombination. Humidity-dependent spectra show that the magnitude of the PL peak redshift of both thin films containing 38% Br is correlated with the ambient moisture level. Finally, we established that humidity cycling leads to hysteresis in the PL emission for all compositions except for Cs-10%/Br-38%. Our work underscores the importance of environmentally controlled PL in elucidating fundamental causes of perovskite instability. Understanding and controlling the effect of moisture on radiative recombination, as shown by our environmental micro-PL measurements, will help inform the optimal environmental conditions and compositions of future fabrication efforts, leading to perovskite-based optoelectronic devices with increased stability. Further, we foresee our environmental PL platform being combined with temperature-dependent measurements, allowing for the deconvolution of each parameter in material degradation.
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